The calcium-dependent proteolysis of fodrin has been implicated in the regulation of secretion, neutrophil and platelet activation, and long-term potentiation in neurons. In vitro studies indicate that calcium-dependent protease I (calpain 1) cleaves fodrin in the middle of the a subunit and in the COOH-terminal third of the (I subunit. Cleavage at the 3 site requires calmodulin, which binds with high affinity to a single site in the a subunit. In vitro binding assays, nondenaturing gel electrophoresis, and velocity sedimentation identify a linkage between calcium-dependent protease I proteolysis of fodrin and the ability of calmodulin to regulate the selfassociation of fodrin and its interaction with actin. Three functional states appear to exist: (i) intact fodrin, which constitutively forms tetramers and binds F-actin; (ii) a-cleaved fodrin, which loses its ability to self-associate and bind F-actin in the presence of calmodulin; and (Wi) a,P-cleaved fodrin, a form that is incompetent to establish tetramers or bind actin. Because actin binding and fodrin self-association occur at opposite ends of the molecule, whereas calmodulin binds at its center, these results indicate that long-range interactions exist within fodrin. They also offer an example of how two calciumdependent regulatory processes may act synergistically to reversibly regulate a linkage between the membrane and the cytoskeleton.
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Fodrin is a ubiquitous cytoskeletal protein involved with organizing receptor domains and possibly the control of vesicle traffic at the plasma membrane (1) . Central to its action is its ability to link integral membrane proteins to cortical actin filaments. This linkage appears to be posttranslationally regulated, and several mechanisms that might control this process have been identified (2) . Two events appear to be the binding of calmodulin to the a subunit of fodrin (3, 4) and the proteolysis of fodrin by calciumdependent neutral proteases (5) .
The proteolysis of fodrin by calcium-dependent proteases has been noted in several tissues and correlates with platelet activation (6) , neutrophil degranulation (7) , and stimulated secretion in adrenal chromaflin cells (8) . At the postsynaptic membrane, fodrin proteolysis in hippocampal neurons has been demonstrated to correlate with the onset of long-term potentiation, and treatments that block fodrin proteolysis block the development of long-term potentiation (5) . In vivo treatment of rats with kainate or N-methyl-D-aspartate increases the fraction of fodrin proteolyzed by calciumdependent protease I (CDP-I) (9) .
Calmodulin binds fodrin with high affinity at a single site in a region of nonrepetitive sequence near the center of the a subunit (3) , and synthetic peptides encompassing this site will also bind calmodulin (10) . Just 16 residues from the calmodulin-binding region is the preferred site of CDP-I cleavage (3) .
Even though only a-fodrin binds calmodulin with high affinity, the susceptibility of both fodrin subunits to CDP-I proteolysis is altered by calmodulin (4, 11) because only in the presence of calmodulin does CDP-I appreciably cleave f-fodrin (6) . These observations indicate that calmodulin mediates interactions between the fodrin subunits and that CDP-I and calmodulin can act synergistically to alter the covalent structure of fodrin.
In the present study, the effect of calmodulin and CDP-I, acting individually and in concert, on the ability of fodrin to self-associate and to bind to F-actin in vitro is examined. The results identify a calcium-dependent regulatory cascade in which CDP-I first renders fodrin-fodrin and fodrin-actin binding susceptible to inhibition by calmodulin and then by further proteolysis permanently inhibits the ability of fodrin to crosslink actin.
MATERIALS AND METHODS
Protein Preparation. Fodrin and calmodulin were prepared from bovine brain as described (3, 4) . CDP-I (prepared from bovine heart muscle, ref. 12) was a gift of D. Croall (University of Texas Southwestern Medical Center, Dallas). Actin, a gift from M. Mooseker (Yale University, New Haven, CT), was prepared from acetone-extracted and lyophilized chicken breast muscle (13) . Protein 4.1 was prepared from fresh human erythrocyte ghosts (14) .
Digestion of Fodrin. Purified fodrin was dialyzed into digestion buffer (20 mM a P s P s P s P s P s PS P s P s Cleavage of all of the a-fodrin by CDP-I was without effect on its actin binding (Fig. la, pair 3 ). However, after this cleavage, the ability of fodrin to bind actin became calmodulin sensitive because calmodulin reduced by half the fodrin sedimenting with actin ( Fig A second observation noted in these experiments was the inability of the 125-kDa /-fodrin fragment to participate in the residual actin binding of the a,43-cleaved fodrin (Fig. la, pairs 5 and 6). Other studies (data not shown) indicate that the 125-kDa fragment arises from the COOH terminus of(3-fodrin, which in erythrocyte spectrin is the portion involved in heterodimer self-association and ankyrin binding (20) . Thus, after cleavage of both fodrin subunits by CDP-I, at least one cleavage product can dissociate from the rest of the molecule.
The addition of protein 4.1 to these experiments explored the possibility that the effect of calmodulin on the actin binding of fodrin was only a consequence of the loss of bivalency that resulted from dissociation of the fodrin tetramer. Protein 4.1 strongly stimulates the binding of nearly all spectrins to F-actin (16) and can stimulate quantitatively the binding of dilute solutions 'of erythrocyte spectrin dimer to actin (21) . The In separate experiments, chymotrypsin was used to divide a-fodrin' into two fragments of -150 kDa that were nearly indistinguishable from the CDP-I-generated fragments. Previous studies have established that the'predominant chymotryptic cleavage occurs 16 residues from the CDP-I cleavage site (3) . Despite the close proximity of the chymotrypsin and CDP-I cleavage sites, chymotrypsin digestion did not affect the actin-binding ability of fodrin, regardless of the presence of calmodulin, and calmodulin did not stimulate the proteolysis of 43-fodrin by chymotrypsin.
CDP-I Proteolysis of Both Subunits Leads to Dissociaton of the Fodrin Fragments. The actin-binding studies suggested that after both subunits had been cleaved by CDP-I, there was a partial dissociation of certain fragments under nondenaturing conditions. These changes were further explored using Nd-PAGE, shown in Fig. 2 . Intact fodrin migrated as a single discrete complex with an apparent size of 1.08 MDa (Fig. 2, lanes 1) . The gels were calibrated using erythrocyte spectrin dimers (0.46 MDa), tetramers (0.92 MDa), and hexamers (1.38 MDa) as standards. Chymotrypsin cleavage (Fig. 2 Left) caused no significant change in the migration of the fodrin tetramer.
Cleavage of a-fodrin by CDP-I enhanced its mobility slightly, to 1.02 MDa (Fig. 2 Right, lane 3) . This change was not due to the liberation of a small proteolytic fragment (4). Cleavage ofboth subunits by CDP-I (Fig. 2 Right, lanes 5 and 6) yielded a major complex at 0.42 MDa. Less abundant complexes were also noted at 0.54 MDa and 0.24 MDa. Thus, the fodrin tetramer was disrupted under physiologic conditions by CDP-I proteolysis of both subunits. The lack of an effect of calmodulin on the mobility of fodrin in these nondenaturing gels could not be interpreted because it was determined (using '25N-labeled calmodulin) that <5% of the Proc. Natl. Acad. Sci. USA 87 (1990) SDS/PAGE of these samples confirmed that they contained the expected digestion products. -, Samples electrophoresed without calmodulin; +, samples electrophoresed with calmodulin.
fodrin remained saturated with calmodulin over the course of these experiments (data not shown).
Calmodulin Disrupts Fodrin Tetramer After CDP-I Cleavage of the a Subunit. The effects of CDP-I and calmodulin on the self-association of fodrin were also investigated by sedimentation velocity. Native fodrin migrated predominantly as a single species near 13S (Fig. 3a, peak 3) and was insensitive to the addition of calmodulin (Fig. 3d) . After CDP-I cleavage of the a subunit, as noted above, there was a slight reduction in the apparent size of the major fodrin complex (Fig. 3b) . When calmodulin was added to this material (Fig. 3e), M10o Proc. Natl. Acad. Sci. USA 87 (1990) 3011 of the material was shifted to a new species at 7.5S, which is the approximate S value of erythrocyte spectrin dimer. Because it was likely that much of the calmodulin had dissociated from the fodrin under the conditions of these experiments, they were repeated with 2.0 4M calmodulin present throughout the gradient. Under these circumstances, the high-affinity calmodulin-binding site on fodrin should remain saturated. These results (Fig. 4) show that calmodulin had no effect on the sedimentation of intact fodrin. Conversely, CDP-I a-cleaved fodrin (in the calmodulin-containing gradient) was almost completely dissociated to a complex that migrated as a putative dimer near 7.5S. Separate experiments demonstrated that the effect of calmodulin on fodrin dimer-tetramer association was calcium sensitive and reversible because with EDTA, the a-cleaved fodrin reassociated to a tetramer (data not shown). Thus, after a-subunit cleavage by CDP-I, the fodrin tetramer-dimer equilibrium appears sensitive to regulation by calmodulin. Multiple complexes were detected by sedimentation velocity after cleavage of both fodrin subunits by CDP-I ( Fig.  3 c andf; Fig. 4 ). The largest ofthese (Fig. 3 , peak 2) migrated with an S value slightly <7.5S (cf. Fig. 4) , consistent with the Nd-PAGE results and with the loss of mass from this complex. A second prominent complex migrated near 4S (Fig. 3,  peak 1 ). SDS/PAGE analysis of these fractions indicated that peak 2 was composed predominantly of the 165-kDa 3-fodrin fragment and one or both of the 150-kDa a-fodrin peptides, whereas peak 1 contained the a 150-kDa peptide(s) and most of the 125-kDa B3-fodrin fragment. Calmodulin was without effect on their sedimentation after the cleavage of both fodrin subunits ( Fig. 3f and Fig. 4 binds F-actin constitutively; (i) a state in which the a subunit has been cleaved by CDP-I, rendering its actin binding and crosslinking activity downregulatable by calmodulin; and (iii) a calmodulin-insensitive, permanently downregulated state that is generated by calmodulin-induced CDP-I cleavage of both subunits. This putative regulatory cascade is summarized in Fig. 5 . It is likely that both the ability of fodrin to self-associate as well as its ability to bind actin is impaired following the action of CDP-I and calmodulin. This conclusion is supported by the observations that fodrin tetramer dissociates to dimer under the influence of calmodulin when the a subunit has been cleaved by CDP-I (Fig. 4) and that the reduced ability of the a-cleaved fodrin dimer to bind actin is (25) .
Although direct evidence for the regulation of fodrin by CDP-I and calmodulin in vivo does not exist, several recent studies support this hypothesis. The strong correlation of CDP-I proteolysis of fodrin at the synaptic junction with long-term potentiation has been alluded to (5) . The synaptic junction is an area rich in calmodulin, and calmodulin has been implicated in the process of long-term potentiation (26) .
Recent ultrastructural studies also note the existence of 100-nM fibers, tentatively identified as fodrin, decorating the A B Proc. Natl. Acad. Sci. USA 87 (1990) tQ T ---cytoplasmic face of the synapse (27) . Their length suggests that they are fodrin dimers, a conclusion difficult to reconcile with our understanding of intact fodrin but expected if these regions contain CDP-I-cleaved fodrin and calmodulin. Thus the three-step in vitro cascade depicted here may have implications for our understanding of the control of receptor organization and plasma membrane dynamics in vivo. It has been hypothesized that the fodrin-based cortical cytoskeleton might serve as an organizer of topographic membrane domains, a targeting mechanism for vesicles containing membrane proteins, a stabilizer of the plasma membrane, and as a barrier to unregulated vesicle traffic (1) . These processes probably involve transient changes in the plasticity of the cortical cytoskeleton and its linkage to membrane receptors and microfilaments (28) . The synergistic effects of calmodulin and CDP-I on fodrin described here may be one mechanism for effecting such regulation because cycles of a-fodrin proteolysis, which allow calmodulin to rapidly and reversibly influence the fodrin skeleton, would compete with the replacement of the cleaved protein by constitutive fodrin synthesis. The result of these processes is a selective and local mechanism that can control rapid changes in membrane topography and skeletal organization and yet provide permanence and stability to the membrane between cycles of change.
